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Abstract 
Efforts to develop carbon nanotubes (CNTs) as nano-vehicles for precise and 
controlled drug and gene delivery, as well as markers for in vivo biomedical 
imaging, is currently hampered by uncertainties regarding their cellular uptake, 
their fate in the body and their safety. [1-7] All of these processes are likely to be 
affected by purity of CNT preparation as well as size and concentration, which 
are often poorly controlled in biological experiments.  [5, 8] We demonstrate here 
that under standard transfection methodologies CNTs are taken up by cultured 
cells but are then released after 24 h with no discernable long-term effects on 
cellular physiology. The results support the potential therapeutic use of CNTs in 
many biomedical setting such as cancer therapy.  
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We previously demonstrated the use of RNA-wrapping for purification and 
functionalization of CNTs [9]. The present study is designed to investigate uptake and 
release of CNTs by cultured human cells. However, detection of CNTs inside cells is 
not trivial as (in their pure form) they consist of only carbon atoms linked by covalent C-
C bonds so are not easily discernable from biological materials by standard 
spectroscopic methods. Their small size also makes them difficult to distinguish from 
cellular structures by microscopy techniques. However, direct and label-free mapping 
of CNTs inside living cells has recently been demonstrated using the characteristic 
intrinsic near-infrared fluorescence [10-12] and Raman scattering [11] of CNTs. 
However, a marked decrease in intensity of CNT intrinsic fluorescence has been 
observed [11] following protracted periods (8 days) in culture; whereas the Raman 
signal was stable over the same time period. The aim of this study was to further 
investigate cellular uptake and fate of CNTs.  Figures 1a and 1b present the Raman 
spectra of pristine and RNA-wrapped oxidized double walled carbon nanotubes 
(DWNT and oxDWNT-RNA, respectively) with two different laser wavelengths 473 and 
785 nm, respectively. As can be seen, both laser wavelengths gave similar spectra. 
Intense bands can be seen at 120-350 cm-1 for the radial breathing mode (RBM); at 
~1590 cm-1 for the tangential G-band; at ~1350 cm-1 for the disorder-induced D band, 
and at ~2900 cm-1 for its second-order harmonic, the G’ band [13].  The spectra were 
very similar for both oxDWNT-RNA and the pristine sample, indicating that their 
spectral properties have not been changed by the funtionalization. Transmission 
electron microscopy (TEM) and atomic force microscopy (AFM) demonstrated that 
oxidized samples wrapped with RNA (Figure 1, d and f) were more de-bundling and 
individualised than pristine nanotubes.   
The radial breathing mode (RBM) is a unique phonon mode and depends linearly on 
the nanotube diameter and thereby allows walls of different diameters to be monitored 
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inside cells. Human cells were incubated with CNTs to allow uptake. The same 
distribution of RBM’s with peaks at 156, 205, 230 and 266 cm-1 were detected in 
pristine CNTs, CNTs inside cells and extracellular CNTs indicating that there was no 
selectivity of CNTs with different diameters by the cellular system.  Figure 2b and 2c 
illustrates the distribution of nanotubes inside PC3 cells at RBM peak ~260 cm-1 
(corresponding to a wall diameter of 0.9 nm, the strongest peak in the sample) for a 
single cell. The peak exhibits different levels of intensity at the different time points. 
The highest intensity was obtained after 0.5 h, possibly corresponding to localization of 
CNTs inside endosomes. This was followed by reduced intensity at 3 and 9 h, but 
more diffuse throughout the cell indicating that CNTs have been released from their 
initial site of sequestration. After 12 h the intensity drops in magnitude by 4-fold in 
comparison to the 3 and 9 h time points, until finally at 24 h no distinct RBM at 260 cm1 
could be detected. The percentage of cells containing CNTs was estimated on the 
basis of whether CNT Raman peaks could be detected (supplementary data). The 
highest percentage of cells with nanotubes, 50 %, was obtained at 3 h. This proportion 
decreased roughly 3-fold at 12 h and 5-fold by 24 h. Finally, cell viability was measured 
and no significant cell death was detected during the incubation period (see 
supplementary information, Table S.1).  
Observations of single cells are clearly affected by cell selection and do not distinguish 
CNT on the surface of cells from intracellular CNTs. To obtain a population-based 
estimate of CNT concentration inside cells, we lysed the cells and performed Raman 
spectroscopy on small samples of cell lysate. For this study we examined the 700 cm-1 
to 3000 cm-1 region of the spectra which not only provides information on CNTs but 
also detects peaks corresponding to cellular constituents. Figure 3a shows the Raman 
spectra at the various time points.  The CNT-characteristic D, G and G’ Raman bands 
were  detected; but in addition four other peaks were seen at ~1090, ~1450, ~1660 
and ~2900 cm-1, which previous studies [15-17] have associated these frequencies 
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with cellular constituents . The CNT-specific G band at 1590 cm-1 corresponds to the 
LO phonon modes of SWNTs that is characteristic of all sp2 carbon materials ref and is 
therefore a useful tool to quantitate CNTs in the samples. Examination of Figure 3b 
demonstrates a maximal intensity at 3 h (statistically significant P0.0001) and 
minimum at 24h (P0.05) which corresponds to the times for maximum uptake and 
release measured that was measured in individual cells (Figure 2 and Table 1). The G 
band intensity was calibrated by reference to quantitated samples of pure CNTs and 
used to provide an estimate of CNT concentration within the cell lysates. Using an 
approximate cell volume of 6x 10-5l, the concentration of CNTs inside cells was 
estimated to be 33 x 10-6 pg per cell (at peak concentration after 3 h incubation: Table 
2). The concentration of CNTs in cell lysates (5.85 g/ml) was approximately 20% of 
the concentration of CNTs in the tissue culture medium  (see supplementary 
information, Table S.2) indicating that uptake may be limiting during the 3 hours of the 
incubation with CNTs.  These values can be compared to toxicological studies, for 
instance, the study of Poland et al [5] where a concentrate of CNTs of 300g/ml was 
injected to the peritoneal cavity of mice.  
The D band in the Raman spectra corresponds to defects in the CNT wall and so the 
ratio of this to the G band (ID/IG ratio) can be used to monitor the integrity of the CNTs 
during an experiment (ref). This ratio is plotted in Figure 3c where it is apparent that 
the ratio increases, roughly linearly, during the course of the experiment (note that first 
data-point in Figure 3c corresponds to 6 h incubation with the CNTs as this was the 
first data-point after the cells were washed to remove extracellular CNTs). This 
suggests that incubation of CNTs inside cells increases their defects. Whether this 
effect is independent of the apparent loss of CNTs from the cells during the course of 
the experiment or is a component of that apparent loss is currently unclear.  
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Raman bands corresponding to cell constituents such as DNA/RNA, proteins and lipids 
were detected at ~1090, ~1450, ~1660 and ~2900 cm-1 (Figure 3a) [15-17]. The band 
at 1090 cm-1 corresponds to the DNA O-P-O backbone stretching and is associated 
with the process of cell death involving breaking of the phoshodiester bonds in DNA 
[18]. No change in this band was observed during the incubation period, compared to 
cells not exposed to CNTs, indicating that uptake of CNTs did not induce cell death. It 
was demonstrated that no significant variation is visualized for the DNA O-P-O 
backbone stretching modes (at 1090 cm-1). Similarly, no changes in Raman peaks at 
~1660 cm-1 (corresponding to amide I vibrations in proteins and C=C in lipids [19]); at 
2800 to 3100 cm-1 (corresponding to CH stretch vibration In protein and lipids); 2930 to 
2950 (corresponding to symmetric and anti-symmetric CH3 stretch vibrations in 
proteins and lipids);  and near 1440 cm-1 (corresponding to CH deformation bands in 
lipids and proteins)  [17], were detected (See supplementary information, Figure S.2). 
Together, these results indicate that uptake of CNTs did not induce any detectable 
biochemical changes in the cell.  
Cellular response and toxicity of carbon nanotubes at a molecular level was also 
examined by western blotting to evaluate the stress response induced by exposure to 
CNTs. Initially two markers, p53 and mitogen-activated protein kinase (MAP kinase) 
commonly employed to measure levels of cellular stress, were considered. p53 is a 
tumour suppressor gene which is hardly detectable in the nucleus of normal cells [20]. 
However, on cellular stress, particularly induced by DNA damage, p53 can arrest cell 
cycle progression, thus allowing DNA to be repaired [21], which can lead to apoptosis 
[22]. In cancer cell lines that possess a mutant p53 allele, the protein is no longer able 
to control cell proliferation, which results in inefficient DNA repair and the emergence of 
genetically unstable cells [23-26].  PC3, a prostate cancer cell line, possess mutated 
p53, as suggested by western blot data (Figure 4b). Whereby a lack of induction (i.e 
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increase) is apparent from the flat response in p53 protein levels, for both CNT-
exposed cells and untreated controls.  
Cells recognize and respond to extracellular stimuli by engaging specific intracellular 
pathways, such as the signaling cascade that leads to activation of mitogen-activated 
protein kinases (MAPKs). Part of the MAPK family, are the extracellular-signal-related 
kinase 1 (Erk 1, 44 kDa protein - p44) and 2 (Erk 2, 42 kDa protein - p42), and their 
activation requires phosphorylation by upstream kinases. In Figure 6 both 
phosphorylated (Erk1/2) and non-phosphorilated (Erk 2) forms are displayed.  As 
expected, consistent expression levels of native protein for Erk p44/p42 are seen. In 
contrast the phosphorylated activated form is only observable in the positive control 
sample and with negligible quantities observed for PC3 cells exposed to CNTs over a 
24h period.    
In summary, we show evidence for the first time that adequately prepared CNTs can 
be take up and then subsequently released over time. Jin et al, 2008 reported the first 
evidence for exocytosis of CNTs by using single particle tracking (SPT). In their report 
it was demonstrated that the rate of exocytosis closely matches the rate for 
endocytosis [4]. The time frame of this study was shorter than the present study, where 
cells were exposed to DNA wrapped single-walled carbon nanotubes for approximately 
16 min after which the media was perfuse for a period of approximately 2 hours.  In 
addition, that particular study reported aggregation of SWNT that remained internalized 
through the duration of the experiment [4]. This observation is in agreement with the 
results in the present study, where at 24 h a minimum intensity can be visualized 
(Figure 3b). Although these results can be correlated with previous studies, they can 
also be used to provide indirect evidence for CNTs inside the cells and not at the cell 
surface, since from cell lysates only the cytoplasm is considered. Furthermore, 
evidence is presented for non-toxicity at a cellular level from both Raman analysis of 
DNA/RNA; proteins; and lipids; and by western blotting, which shows that carbon 
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nanotubes do not induce cellular stress at the levels we have introduced in our study. 
These levels we believe are more consistent with a realistic medical application.   
In conclusion, our results demonstrate that CNTs prepared appropriately and supplied 
in reasonable quantities are non-toxic and suitable for medical applications. The CNTs 
can be functionalized with a variety of payloads, freely enter cells, deliver their cargos 
and then be subject to exocytosis. Furthermore, the nanotubes employed in these 
experiments present several advantages due to their shortness, which renders them 
less toxic. Our CNT system possesses carboxylic groups at their sidewalls, which 
allows further fuctionalization suitable for biomedical applications. This could be in the 
form of a triple functionalization of SWNT with an anti-cancer agents and fluorescent 
markers [27]. The benefit of using double walled CNTs is that apart from creating 
defects at the outer wall that allow better funtionalization, the physical and mechanical 
properties of CNTs are maintained by the inner wall.   
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Methods:                                                                                                                             
 
Preparation of Biofunctional carbon nanotubes: Double-walled carbon nanotubes 
(DWNT) synthesised by the CCVD technique [28] were purified in concentrated nitric 
acid and oxidized in a mixture of nitric and sulphuric acid [27]. After oxidation, 
nanotubes were sterilized by autoclaving at 121 C for 1 h and were mantained under 
sterile conditions for the duration of the experiment. In a second step, the CNTs were 
biofunctionalised by wrapping with RNA in a proportion of 1 :1 (w/w) [9]. Complexes 
were formed by sonication in a water bath for 60 min. To remove excess of RNA, the 
suspension of oxidized DWNT wrapped with RNA (oxDWNT-RNA) was filtered using a 
100 kDa filter devices (Amicon Ultra-4 centrifugal filter devices from Millipore) and then 
resuspended in deionised water. The concentration of the complexes was determined 
by total weight after oxidation. The final supernatant was analysed by atomic force 
microscopy (AFM) topography measurements and transmission electron microscopy 
(TEM) where individual and small bundles of oxDWNT-RNA could be visualised.  
Raman mapping of single cells: PC-3 (human prostate adenocarcinoma cells) in 
culture was used as cellular model system for the present study. PC-3 cells were 
cultured in RPMI-1640 medium supplemented with 10 % fetal bovine serum (FBS), 
2mM Glutamax™ and 1 % penicillin-streptomycin. Cells were cultured in 35 mm sterile 
Petri dishes (Nunc) containing glass coverslips. When the cells reached 80 % 
confluence, they were incubated for 0.5 to 24 h with oxidized DWNT wrapped with 
RNA at a concentration of ~50 μg/ml diluted in Opti-MEM serum-free culture medium 
(Gibco Life Technologies, Paisley, UK). After 3 h incubation, the remaining samples 
were washed twice with cold sterile PBS and fresh medium, containing serum and 
antibiotics, was added. At each time point the medium was removed and the cells were 
washed several times with PBS, as before. Cells were subsequently fixed with 4% 
paraformaldehyde solution (Sigma Aldrich, UK), to prevent morphological and chemical 
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changes during acquisition. Finally, the sample was again washed with PBS and slides 
mounted and hermetically sealed using nail lacquer. Raman mapping was performed 
using a Renishaw InVia Raman microscope, Elaser=1.59 eV (785 nm wavelength). 
RBM modes were used to map the intensity peaks were acquired at 156, 205, 230 and 
266 cm-1. Applying the equation RBM = 248/dt, where RBM is the RBM frequency in 
cm-1 and dt the diameter in nm [14], it was possible to extrapolate the diameters 
present in the mixture. The diameters in the sample ranged from: 0.9 nm to 1.1 nm, 1.2 
nm and 1.58 nm, being the 0.9 and 1.58 nm the ones with high frequency (data not 
shown). The diameter of 0.9 nm was used for all data analysis.  
Raman spectroscopy of whole cell lysates: PC-3 cells were grown in the media 
described above and cultured in 25 cm2 tissue culture flasks until they reached 80 % 
confluence, at which point they were incubated at various time points from 0.5 to 24 h 
with ox-DWNT-CNT wrapped with RNA at a concentration of ~50 μg/ml diluted in 
serum-free Opti-MEM medium (Gibco Life Technologies, Paisley, UK). After 3 h 
incubation the remaining samples were washed twice with PBS and then fresh 
medium, containing serum and antibiotics added. At each time point the medium was 
removed from the cells followed by several washes with PBS. The cells were 
subsequently trypsonized, washed with cold PBS and ruptured via hypotonic shock 
using a lysis buffer (Tris buffer containing: 50 mM Tris HCl and 150 mM NaCl with pH 
7.5, with added 1 % NP-40, 0.2% SDS, 1 mM phenylmethanesulfonyl fluoride (PMSF), 
10 g/ml aprotinin, 10 g/ml leupeptin, 1 mM sodium orthovanadate (Na3VO4) as 
cellular protease inhibitors). After lysing, suspensions were spun down (500g, 10 min 
at 4 C) to remove nuclei and unbroken cells and supernatants were used to evaluate 
the CNT content. Measurements were performed using Elaser=2.64 eV (473 nm 
wavelength), NT-MDT NTEGRA Spectra Probe NanoLaboratory inverted configuration 
microscope.  
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Protein quantification: Protein quantification was performed according to instructions 
in the manual from DC (detergent compatible) protein assay (Bio-Rad Laboratories, 
UK). A standard curve was prepared with BSA concentrations from 0.2-1.5 mg/ml. 
Concentration of CNTs per cell: G band intensity was determined for different 
concentrations of CNTs (93.50; 46.75; 23.37; 11.69; 5.84 and 2.92 g/ml). 
Concentration was determined by total weight of functionalized CNT, oxDWNT-RNA. A 
logarithmic fit was used to determine the equation that permits calculate the 
concentration in the whole cell lysates. Finally, an estimation of cell volume [29] as 
used to determine de concentration of CNT per cell.  
Western blotting: Whole-cell lysates were obtained by trypsinizing the monolayer of 
adherent cells and washing with PBS at 4°C. Cell pellets were then subjected to 
osmotic rupture in hypotonic detergent-based buffer (1 mM PMSF, 1 mM NaVO4, 2 
μg/ml aprotinin, and 2 μg/ml leupeptin as protease inhibitors, 150 mM NaCl in 50 mM 
Tris buffer, 0.2% SDS, 1% Nonidet P-40, pH 7.5) and 50 μg of protein/sample 
electrophoresed on SDS-polyacrylamide gel electrophoresis gels with subsequent 
transfer blotting. Membranes were incubated overnight at 4°C with primary antibody, to 
p53, MAPK, or phospho-MAPK (Cell signaling technology, UK). After washing, 
membranes were incubated with a secondary horseradish peroxidase-linked 
appropriate species antibody preparation at room temperature for 1 h with 
chemiluminescence used for visualization. After the probing of each membrane with 
the primary antibody of choice, the membrane was stripped and re-probed using a 
GAPDH antibody (Sigma Aldrich, UK) to act as a loading control. 
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Figure 1 – Structural characterization of double walled carbon nanotubes 
(DWNT) by Raman spectroscopy, TEM and AFM, a-f. Raman spectrum of pristine 
and oxidized-wrapped with RNA double walled carbon nanotubes (oxDWNT-RNA) is 
displayed, at different laser energies: 473 (a) and 785 nm (b). Surface analysis of 
pristine DWNT (c), oxidized DWNT (e), and oxidized DWNT-wrapped with RNA (d and 
f) by TEM and AFM. 
Figure 2 – Single cell mapping of PC3 cells exposed to CNTs. RBM modes were 
used to track CNTs in cells, as displayed a uniform distribution of diameters is obtained 
in all different conditions: pristine nanotubes, oxidized DWNT wrapped with RNA, and 
these oxDWNT-RNA media and inside cells (a). A grid was defined on a single cell, 
and mapping obtained by collecting spectra with 1 min exposure time and moving the 
sample with increments of 1 m (spectral resolution of 4 cm-1). Data analysis was 
performed at ~260 cm-1 as illustrated by RBM spectra and the 3D map (b). (c) 2D 
mapping at various time points from 0.5 h to 24 h. The broken line in the different 
figures from 0.5 to 24 h crudely represents the boundaries of the cell and demonstrates 
that a high intensity is confined to the cell, an effect not observed for media alone. 
Additionally, at 0.5 h, an interesting feature was detected whereby the intensity 
associated with CNTs was confined to dots. This suggests nanotubes residing inside 
subcellular structures, possibly endosomes. 
Figure 3 – Temporal evaluation of CNT uptake by PC3 prostate cancer whole 
cell lysates. (a) Raman spectrum at different time points obtained after exposure to 
oxidized-wrapped with RNA double walled carbon nanotubes (oxDWNT-RNA). CNT 
features are visualised at 1350, 1590 and 2700 cm-1 with D, G and G’ bands and 
cellular components at 1090, 1450, 1660 and 2900 cm-1. Spectra are normalized such 
that in each data set 100% represents the sum of all values in the data set. (b) Area 
  18 
under the curve (AUC) of G band intensity at the variouse time points. (*** indicates p  
0.0001 and * p  0.05, one-way annova test) (c) The D/G intensity ratio for carbon 
nanotubes in cells at different time points. Error bars calculated standard mean error, 
SEM, (n=6). 
Figure 4 – Cellular response to CNTs. (a) Overview diagram of experimental set 
up. (b) p53, MAPK (Erk 2) and phosphorylated MAPK (Erk 1/2) expression on cells 
exposed to carbon nanotubes.  
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